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Scalar WIMPs from Inert Doublets

A wide variety of BSM scenarios predict the presence of additional
scalar SU(2) doublets, beyond the single Higgs doublet of the SM.

Such doublets are often “inert” in the sense that they receive no
VEVs and have no Yukawa couplings with SM fermions.

The minimal “Inert Doublet Model” includes:
(Deshpande, Ma 1978; Ma 2006; Barbieri, Hall, Rychkov 2006; and others)

e ¢ : SM Higgs doublet ((¢1) = v/v/2 = 174 GeV).
e ¢, : The inert doublet ((¢2) =0)

e There exists an unbroken Z-, parity under which:




Why would one want an Inert Doublet?

Such doublets have a host of phenomenological applications:

* A promising dark matter candidate: the “LIP”

(Barbieri, Hall, Rychkov 2006; Honorez, Nezri, Oliver, Tytgat 2007;
Gustafsson, Lindstrom, Bergstrom, Edsjo 2007; Dolle, Su, 2009; et al.)

* Oblique S and T Contributions from an inert
doublet allow for a heavy (400-600 GeV) Higgs.

(Barbieri, Hall, Rychkov 2006)

* A connection to neutrino physics
(Deshpande, Ma, 1978; Ma 2006; Agrawal, Dolle, Krenke 2008)

* Triggering Electroweak symmetry-breaking
(Hambye, Tytgat 2007)

 And much more...



Parameter Space of the Model
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Accommodating a Heavy Higgs

An inert doublet provides a way of circumventing LEP bounds

on the Higgs mass:
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] e Additional scalars can provide a posi-

tive contribution to the 7' parameter:
(Peskin, Wells 2001)

e In the IDM, this contribution is:

AT ~ L (5152
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So if. ..

90 GeV < /0102 < 140 GeV

...the IDM can compensate for a heavy Higgs!

(figure: http://lepewwg.web.cern.ch/LEPEWWG/)
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Constraints on the IDM

Consistency Conditions

« Vacuum Stablility
» Perturbativity

Experimental Constraints

» Dark matter relic abundance (WMAP)

* Precision electroweak constraints (LEP)
« BSM Searches (LEP)

* Direct detection bounds (CDMS, etc.)



Combined Constraints: Light Higgs
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== DM relic density a set of consistent scenarios in which the
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Combined Constraints: Heavy Higgs

charged scalars

LIP Mass ~ 75 - 80 GeV

e For heavy-Higgs scenarios, with
my, = 500 GeV, it is also possible to

obtain an appropriate LIP relic

10 20 30 40 50 60 70 80 90 100 I
m, GeV] density.

e Other viable regions of parameter
space exist, but don’t lead to
interesting collider phenomenology.

B Direct detection limits
LEP direct searches

B Vacuum stability
Perturbativity
== DM relic density




Detection Prospects at LHC

There are many ways in which one may detect the presence of an
additional, inert doublet at the LHC. These include:

e The modification of the total width I';, of the Higgs boson.
(Barbieri, Hall, Rychkov 2006; Cao, Ma, Rajasekaran, 2007)

e Direct signals of the inert scalars A, H* via their decays to SM particles + S.

The cleanest signatures come from final states including multiple
high-pr charged leptons and substantial missing transverse energy:

‘ Dilepton Channel: pp — (1T¢~ + Er

(Initial discovery process at LHC)

‘ Trilepton Channel: pp — €100 + Er

(Additional evidence for IDM, further information about the
scalar mass spectrum)



It's also important to note that...

... While the results we discuss here are
presented in the context of the IDM, they
also apply in a wide variety of other scen-

arios in which a scalar WIMP makes up the
majority of the dark-matter.




Benchmark Scenarios for Collider Phenomenology

Satisfy all applicable constraints and reproduce the WMAP
DM abundance within 30 range.

Benchmark | my (GeV)| mg (GeV) | 0y (GeV) | do (GeV) AL
LHI1 150 40 100 100 —0.275
. LH2 120 40 70 70 —(0.15
Light LH3 120 82 :[] :[} 0 2;
Higgs 7 7 e
LH4 120 73 10 a0 0.0
LH5 120 79 i 10 —0.18
Heavy HHI1 500 7 250 100 0.0
" = s = Lo
Higgs HH?2 500 . 225 70 0.0
HH3 500 76 200 30 0.0




Benchmark Scenarios for Collider Phenomenology

Satisfy all applicable constraints and reproduce the WMAP
DM abundance within 30 range.

Benchmark | myp (GeV)| mg (GeV) | 8 (GeV) | do (GeV) AL
LHI 150 40 100 100 —0.275
. LH2 120 40 70 70 —0.15
Light LH3 120 82 ol 0 0 E;
Higgs 7 7 e
LH4 120 73 10 50 0.0
LH5 120 79 50 10 —0.18
Heavy HH]1 500 76 250 100 0.0
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Higgs HH2 500 76 225 70 0.0
HH3 500 76 200 30 0.0

e LH1, HH1: 65 > My (on-shell A — SZ decay).



Benchmark Scenarios for Collider Phenomenology

Satisfy all applicable constraints and reproduce the WMAP
DM abundance within 30 range.
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e LH1, HH1: 65 > My (on-shell A — SZ decay).

o LH2-3, HH2: My > 05 = 40 GeV, off-shell A — S¢*¢~ decay via virtual Z*.




Benchmark Scenarios for Collider Phenomenology

Satisfy all applicable constraints and reproduce the WMAP
DM abundance within 30 range.
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e LH1, HH1: 65 > My (on-shell A — SZ decay).
o LH2-3, HH2: My > 05 = 40 GeV, off-shell A — S¢*¢~ decay via virtual Z*.
o do < 40 GeV; off-shell A decay, very soft leptons.



Benchmark Scenarios for Collider Phenomenology

Satisfy all applicable constraints and reproduce the WMAP
DM abundance within 30 range.

Benchmark | my (GeV)| mg (GeV) | 0y (GeV) | do (GeV) AL
LHI1 150 40 100 100 —0.275
. LH2 120 40 70 70 —(0.15
Light LH3 120 82 :U :U 0 '3";
Higgs ? 7 e
LH4 | 120 | 73 | 10 | al | 0.0
LH5 120 79 Hl 10 —0.18
Heavy HHI1 500 76 250 100 0.0
. 5 7 5 7
Higgs HH2 500 (6 225 7 0.0
HH3 500 76 200 30 0.0

e LH1, HH1: 65 > My (on-shell A — SZ decay).

o LH2-3, HH2: My > 05 = 40 GeV, off-shell A — S¢*¢~ decay via virtual Z*.
o do < 40 GeV; off-shell A decay, very soft leptons.

. small §;; H* A — ¢T¢—¢* + Fr with soft ¢+ contributes.



Dilepton Channel: Signals

A number of processes contribute to
pp — L4~ + Fr in the IDM:
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Standard-Model Backgrounds
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Event Selection

Level |: Detector Acceptance Cuts

e Exactly two SFOS leptons (e or ).
o pry > 15 GeV, |n,| < 2.5 for each lepton.

e Lepton isolation: ARy, > 0.4 for lepton pair,
AR,; > 0.4 for each possible jet-lepton pairing.

ARy, resolution limit crucial for small 95!

Level ll: Universal Background
Suppression Cuts

o Fr > 30GeV.

e Jet veto: no jet with both pr; > 20 GeV and
|77j| < 3.0.




Event Selection

Level lll: Optimization Cuts

e Angular-separation cuts:

Invariant mass cut: M3™ < My, < MB2*.

Minimum total transverse momentum Hr for
each event: Hr > HY min

Elevated thresholds for missing transverse
energy: Fr > Fr™ > 30 GeV.

Maximum lepton pr: pr, < pP2*.
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e When 6, > M, and A decays are on shell, t¢, WW backgrounds can be
substantially reduced by a cut on Mp,.

e When 6, < Mz and A decays are off shell, WZ/~* and ZZ/~* can be
effectively eliminated by a Z veto.




Charged-Lepton Separation
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e When 6, < My, the charged leptons from A
decay are more collinear and less energetic than
those from on-shell Z-decays.

e This allows us to further reduce SM BGs via
cuts on angular variables: e.g. cos ¢y, and ARyy.

e S




Results
Benchmark | S/B S/v/B
LH1 0.04 3.87
LH2 153
LH3 052 3.04
LH4 0.57 3.29
LH5 0.02  0.02
HH1 | 003 142
HH2 | 0.56
HH3 | 004 212

(Vs=14TeV, £ =100fb"")

Best Discovery Prospects:

Light Higgs

(LIP accounts for DM relic abundance)

e LH2 (65 = 70 GeV, mg = 40 GeV):
Large os4 due to light scalars. A decays
off-shell, making angular cuts efficient.

Heavy Higgs

(DM relic abundance and improved naturalness!)

e HH2 (5> = 70 GeV, mg = 76 GeV):
Similar to LH2. o54 lower due to heavier
scalars, but angular cuts still effective.



Results
Benchmark | S/B S/v/B
LH1 0.04 3.87
LH2 1.53 11.66
LH3 0.52 3.04
LH4 0.57 3.29
LH5 0.02 0.02
HH1 0.03 (1.42 ’
HH2 0.56 4.55
HH3 0.04 2.12

(vVs=14TeV, £ =100 o™ ")

Light Scalars, On-Shell Decay:
Light Higgs

(LIP accounts for DM relic abundance)

e LH1 (0o = 100 GeV, mg = 40 GeV):
Large 054, but A decays off-shelland Z 7 /~*,
W Z BGs hard to eliminate. Good discovery
prospects nevertheless.

Heavy Higgs

(DM relic abundance and improved naturalness!)

e HH1 (0, = 100 GeV, mg = 76 GeV):
Similar to LH1: A decays off-shell ZZ/~*,
W Z BGs again hard to eliminate. Signal
difficult to resolve at £ = 100 fo ™.



Results

Benchmark | S/B S/v/B

LH1 0.04 3.87

LH2 1.53 11.66

LH3 0.52

LH4 0.57

LH5 0.02

HH1 0.03 :

HH2 0.56 4.55

HH3 0.04 (212 !

(vVs=14TeV, £ =100 o™ ")

Heavier Scalars, Off-Shell Decay:

Light Higgs

(LIP accounts for DM relic abundance)

e LH3, LH4 (5, = 50 GeV, mg ~ 80 GeV):
osa sSmaller due to heavier LIP. LH4 signif-
icance augmented by pp — H* A contribu-
tion where ¢* from H* decay is soft.

e LH5 (6> = 10 GeV, mg ~ 80 GeV): Leptons
too soft to detect, due to small 9-.

Heavy Higgs

(DM relic abundance and improved naturalness!)

e HH3 (52 = 30 GeV, mg = 76 GeV): My
cut effective, but surviving BGs have simi-
lar cos ¢pr, ARy 10 signal.



.. and from this, we learn:

The best prospects for detection in the dilepton channel are ob-
tained for a light Higgs boson (m, ~ 114 — 180 GeV) and:

with a statistical significance as high as ~ 100.

.. but also (and perhaps even more importantly):

It is possible for the IDM to explain the observed

dark-matter abundance, provide the necessary S

and T contributions to correct for a heavy Higgs,

and at the same time yield visible signals in the
dilepton channel at the LHC!



The Most Relevant Processes: AnalysiS: Trﬂept()n Channel

e One can also look for signatures of the inert
doublet model in the trilepton channel.

e Analysis similar to SUSY trilepton searches.

‘ l Principal signal process

Occurs only when §; > 65
(significant for 61 > d2 + My ).

e Jo examine this effect, three new benchmark
points added:

Benchmark | my, (GeV)| mg (GeV) | 61 (GeV) | d2 (GeV) AL
LH6 130 40 100 70 —0.18
LH7 117 37 70 100 —0.14
LHS 120 8 70 35 —0.18




Event Selection
Level | + i

e Exactly three charged leptons (e or u), including at least one SFOS pair.

e /1 > 50 GeV in order to reduce backgrounds from heavy-flavor processes,
etc.

e Otherwise, same as for dilepton channel.

Level Il

e Also include a cut on the transverse mass variable
MTW = (EEW + ET)2 — (ﬁﬁw +ﬁT)2'

Dominant Backgrounds After Level I+l Cuts:

WZ — 0700~ —+ ET

t —>‘+ (et By

(Soft)




Problems with Soft Leptons

LH1 LH3

(51 = do, = 100 GeV) (51 — 0o = 50 GeV)
| Number of charged leptons | Enﬁ::”"ﬁﬂm | Number of charged leptons | Enﬁ:'-epﬁmm
Mean 2334 - H-Eilns 1518
20000 :_ |RMS 0.7TT8T 14000 — | RMS 0.8978
18000 N
- 12000
16000 -
14000F- 10000
12000F- sonol
10000 -
—E 6000
E:I}Dlli— so00F
4000 -
2000
20005~ -
R N R - N 5 R R R A RN R YR rya
e When 4, 2 drop below ~ 65 GeV, one or more of the leptons often

has extremely low pr and escapes detection.




Trilepton Channel Results

[arXiv:1005.0090]

Benchmark | oz 4| o522 | S/B  S/VB
(fh) (fh) (300 th™1)
LH1 0.038 | 0.191 | 0.20  2.15
LH2 0078|0114 | 068 (5.64) TETT
LH3 0.035 | 0.131 | 0.27  2.36
LHG 0.101 | 0.221 | 0.46 -~
LH7  |0270| 7259 | 0.04 245
LHS 0.031| 0.591 | 0.05  1.00

50 discovery in
both dilepton &
trilepton
channels!

e The discovery prospects in the trilepton channel aren’t as good as
in the dilepton channel, and higher integrated luminosity is generally

required.

e Nevertheless, 50 evidence can be obtained when m, ~ 40 GeV and
65 GeV 5 51’2 5 80 GeV.

e For smaller ¢; », leptons tend to be soft, and often escape detection.



Summary and Conclusions

e The IDM is a simple and versatile model, capable of...

— explaining the composition and observed relic density of dark
matter in the universe.

— Rendering a heavy Higgs boson with mj, ~ 400 - 600 GeV
consistent with PEW constraints.

— much more.

e There are several parameter-space regimes in which the model
reproduces the WMAP DM density. Most feature a light LIP, with
ms 5 80 GeV.

e In many of these scenarios, a striking signal should be observable
at the LHC in the dilepton channel. Corroborating evidence may also

be obtainable in the trilepton channel for models with a light LIP and
65 GeV 5 do < M.
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Constraints from EW Precision Tests

myp, = 120 GeV myp, = 500 GeV

-— 10 GeV
==+ 40 GeV
| == 75 GeV
++++ 600 GeV

1 ." L 1 1 1 1 1 D 1 1 1 L 1 1 1
0 50 100 15[}E 8%\!]250 300 350 400 0 50 100 15051?8%\3]25{] 300 350 400
e For a light Higgs, no net shift in S, T is needed. Electroweak precision

constraints therfore require 61 ~ 0.

e To provide the necessary AT contribution to allow for a heavy Higgs,
the contour shifts to a region of parameter space where §; > é-.
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LEP Il Bounds: Direct Detection Limits
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e LEP data favor large splittings,
(02 = 50 — 100 GeV) or a heavy
LIP (ms 2 75 GeV).




Direct Detection
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